A TaqMan real-time RT-PCR assay was developed for detection of RNA transcripts produced by replicating CPV-2. A pair of primers and a TaqMan probe targeting the spliced NS2 mRNA were designed. A synthetic DNA fragment was constructed to mimic the spliced NS2 mRNA by PCR-based gene assembly and was used for generation of standard RNAs. The detection limit of the assay was 1 × 10 2 RNA copies and standard curve displayed a linear range from 1 × 10 2 to 1 × 10 9 copies and a good reproducibility. The assay was then applied to determine the mRNA loads in the tissues of dogs naturally infected by CPV-2. mRNA was detected in a variety of tissues, including the central nervous system.
Introduction
Canine parvovirus type 2 (CPV-2) emerged as causative agent of severe hemorrhagic gastroenteritis in dogs in 1978 (Kelly, 1978; Appel et al., 1979) and spread rapidly all over the world. Since 1979 the original type 2 underwent extensive antigenic changes and was fully replaced by the antigenic variants CPV-2a and CPV-2b (Mochizuki et al., 1993a; De Ybanez et al., 1995; Greenwood et al., 1996; Truyen et al., 1996 Truyen et al., , 2000 Sagazio et al., 1998; Buonavoglia et al., 2000; Pereira et al., 2000) . The variants -2a and -2b differ from the original type CPV-2 by a few amino acid changes in the VP2 protein, that account for an extended host range in vivo ed in vitro and for increased affinity to canine transferrin receptors (Parker et al., 2001; Hueffer et al., 2003) . A new antigenic variant, type 2c, has been reported in dogs in Europe and Southern Asia Nakamura et al., 2004; Decaro et al., 2006c) .
CPV-2 is a member of the Parvoviridae family and is closely related to feline panleukopenia virus (FPV) and mink enteritis virus (MEV) (Parrish et al., 1982) . Parvoviruses possess a nonenveloped capsid surrounding a single-stranded DNA genome of about 5 kb in length. The genome has two open reading frames (ORF). ORF2 encodes the two capsid proteins, VP1 and VP2 while ORF1 encodes two nonstructural (NS) proteins, NS1 and NS2, that are translated by alternative splicing of the transcribed RNA (mRNA). As a result, NS2 contains 87 amino-terminal amino acids in common with NS1 joined to 78 amino acids from an alternative open reading frame at the 3 -end of the ORF1 (Wang et al., 1998) .
Several assays are available for detection of CPV-2 in the faeces of infected dogs. Hemagglutination or virus isolation may fail to detect small amounts of virus or the virus neutralized by secretory antibodies. CPV shedding in the faeces reaches high loads in the first days after infection, with a rapid decrease at 10-11 days post-infection (Decaro et al., 2005a; Elia et al., 2005) . Also, in the late stage of infection the antibodies in the gut lumen may sequestrate most virus particles (Decaro et al., 2005c; Desario et al., 2005) . Furthermore, as CPV-2-induced cytopathic effect in cell cultures is often not evident, staining by immunofluorescence is required, with additional laboratory work.
More recently, molecular methods such as PCR (Mochizuki et al., 1993b; Hirasawa et al., 1994; Truyen et al., 1994; Schunck et al., 1995; Senda et al., 1995; Uwatoko et al., 1995; Tempesta et al., 1998; Pereira et al., 2000; Buonavoglia et al., 2001 ) and real-time PCR (Decaro et al., 2005c) proved to be rapid, sensitive and specific assays for detection of CPV in clinical samples. However, detection of parvovirus DNA by PCR does not provide any information on virus infectivity.
Parvovirus DNA appears to be very stable and low levels of DNA can persist in serum and a range of tissues for months following acute infection (Soderlund-Venermo et al., 2002) . Accordingly, detection of viral DNA does not equate necessarily with active viral infection and diagnostic assay targeting parvovirus B19 RNA transcripts have been developed (Bostic et al., 1999) .
In this study a TaqMan RT-PCR method was developed for detection of RNA transcripts produced by replicating CPV-2. The load and distribution of CPV-2 mRNA in samples from infected dogs were estimated in comparison with the load of virus DNA, as evaluated by real-time PCR.
Materials and methods

Construction of synthetic RNA transcript and generation of standard RNA
A synthetic DNA fragment was constructed to mimic the spliced parvovirus mRNA encoding for the NS2 protein. A 200 bp fragment within the ORF1 sequence was chosen, that spans the RNA splicing region (Wang et al., 1998) .
To generate synthetic DNA, overlapping primers were designed and used in repeated PCRs for the assembly and the amplification steps. The assembly was carried out in a reaction mix of 50 l consisting of one unit of Kod DNA polymerase (Novagen, Madison, WI, USA), 5 l of 10× buffer supplied by the manufacturer, 250 M dNTP and 1 M of each primer (Table 1, A + B + C). The thermal conditions were as follows: 30 s at 94 • C, 1 min at 55 • C and 1 min at 72 • C repeated for 55 cycles with a final extention at 72 • C for 10 min. Because single-stranded ends of complementary oligonucleotide DNA fragments are filled in by PCR, cycling with DNA polymerase results in increasingly larger DNA fragments until the full-length sequence is obtained.
In the amplification step an aliquot of annealed oligonucleotide mixture was used as template for a second PCR reaction containing two outside primers, S1/AS1 (Table 1) in order to amplify the full-length sequence. Amplification was performed as follows: 35 cycles at 94 • C for 30 s, 55 • C for 1 min, 72 • C for 1 min with a final extension at 72 • C for 10 min.
The PCR product was cloned into a linearized plasmid vector with overhanging 3 -deoxythymidine (T) residues (TOPO TA cloning kit, Invitrogen, Milan, Italy). RNA transcripts were generated in vitro with RiboMAXTM Large Scale RNA Production System-T7 (Promega Italia, Milan, Italy) from the T7 promoter, according to the manufacturer's guidelines. Residual DNA was eliminated by DNAse treatment and the transcript was purified with RNeasy columns (Qiagen S.p.A., Milan, Italy) and quantified by spectrophotometrical analysis. RNA copy numbers were then calculated and 10-fold serial dilutions were prepared in TE (Tris-HCl, EDTA, pH 8.0) buffer containing 30 g carrier RNA (tRNA from Escherichia coli, Sigma-Aldrich Srl, Milan, Italy) per millilitre. Aliquots of each dilution were frozen at −70 • C and used only once.
Design of primers and probe
Primers and TaqMan probe were designed using Beacon Design software version 2.0 (Premier Biosoft International, Palo Alto, CA, USA) to amplify a 113 bp fragment of the spliced mRNA. Primers and probe were synthesized by MWG Biotech AG (Ebersberg, Germany). In order to avoid the amplification of genomic DNA, the TaqMan probe was designed such that the probe binding region encompassed the RNA splicing site (Fig. 1) . The probe was labelled with 6-carboxyfluorescein (FAM) at the 5 -end and with 6-carboxytetramethylrhodamine (TAMRA) at the 3 -end. The position and sequence of the primers and probe used for TaqMan RT-PCR amplification are reported in Table 1 .
Reverse transcription
Duplicate of the standard dilutions and RNA templates were subjected simultaneously to reverse transcription (RT). One microliter of each duplicate of standard dilutions or template RNA was reverse transcribed in a reaction volume of 20 l containing PCR buffer 1× (KCl 50 mM, Tris-HCl 10 mM, pH 8.3), MgCl 2 5 mM, 1 mM of each deoxynucleotide (dATP, dCTP, dGTP and dTTP), RNase. Inhibitor 1 U, MuLV reverse transcriptase 2.5 U, random hexamers 2.5 U. Synthesis of c-DNA was carried out at 42 • C for 30 min, followed by a denaturation step at 99 • C for 5 min.
Real-time assay
For the real-time assay, 20 l of c-DNA was added to 30 l of reaction master mix. The master mix consisted of 25 l of IQTM Supermix (Bio-Rad Laboratories Srl, Milan, Italy), 600 nM of each primer (R2for and R2rev), 200 nM of probe R2Pb. Fluorogenic PCR was carried out in a i-Cycler instrument (iQTM Real-Time Detection, Bio-Rad Laboratories Srl) with the following steps: activation of iTaq DNA polymerase at 95 • C for 10 min and 40 cycles consisting of denaturation at 95 • C for 15 s, primer annealing extension at 60 • C for 1 min.
Standard RNA (5000 copies/ml of faecal suspension) used in a real-time RT-PCR assay for avian influenza virus was employed as an internal control (IC) in order to confirm the successful extraction of RNA, conversion to c-DNA and the TaqMan PCR reaction, as previously demonstrated (Elia et al., 2006) .
Validation of the assay
The analytic specificity of spliced CPV-2 mRNA detection by real-time RT-PCR was assessed by testing RNA and DNA preparations of other canine pathogens, including canine coronavirus types I and II (CCoVI, CCoVII) (Decaro et al., 2005d) , canine distemper virus (CDV) (Elia et al., 2006) , canine adenovirus (CAdV) (Decaro et al., 2006a) , reoviruses (Decaro et al., 2005b) and rotaviruses .
Within-and between-run precision of the quantitative realtime RT-PCR assay was assessed by multiple measurements of samples containing different amounts of spliced mRNA (1.43 × 10 6 , 2.69 × 10 5 , 2.45 × 10 4 and 2.76 × 10 2 ). The samples were evaluated in five replicates (within-run precision) and in four separate experiments (between-run precision). For all measurements, mean value, standard deviation and coefficients of variations (CVs) were calculated for the threshold cycle (C T ) values.
Samples
Tissue samples including brain, cerebellum, spleen, lungs, liver, kidneys, bladder and mesenteric lymphnodes from nine CPV-2-positive dogs were collected at necroscopy. Infection by CPV-2 in the dogs had been diagnosed by real-time PCR (Decaro et al., 2005c) and viral characterization (CPV-2, -2a, -2b and -2c) was achieved by minor groove binder (MGB) probe assays (Decaro et al., 2006b) . Twenty-five milligrams of each tissue sample were homogenized and used for RNA extraction (QIAampViral RNA Mini kit, Qiagen S.p.A., Milan, Italy), according to manufacturer's instructions.
To asses the kinetic of mRNA production during CPV infection, the CPV-2b strain 29/97 (Buonavoglia et al., , 2000 was inoculated onto canine A-72 cell line maintained in Dulbecco Minimal Essential Medium with 5% FCS. The titre of the viral stock was 10 4.50 TCID 50 . Each well of 24well plates was seeded with 1 ml of cell suspension containing about 3 × 10 5 cells. The monolayers were infected shortly after trypsinization with 100 l of a viral dilution containing 6.91 × 10 2 DNA copies/10 l of template (m.o.i. of 0.001). Madin Darby Bovine Kidney (MDBK) cells, that are nonpermissive to CPV-2 infection, were inoculated in parallel to compare CPV-2 replication in permissive and non-permissive cultural systems.
Supernatants and criolysates were taken separately at 24, 48, 72 and 96 h post-infection (p.i.) from the plates and used to evaluate the load of CPV-2 mRNA and DNA. Viral RNA was isolated using a commercial RNA isolation kit (RNeasy Total RNA Kit, Qiagen S.p.A., Milan, Italy) according to manufacturer's instructions. The RNA was eluted in 50 l of nuclease free water and stored at −80 • C. Viral DNA was extracted using QIAamp viral kit, following the standard protocol (Qiagen S.p.A., Milan, Italy).
RNA extracted from mock-infected A-72 cells and three tissue samples (brain, spleen, liver) from an uninfected dog were included as negative controls.
TaqMan assay for quantitation of CPV-2 DNA
To compare the amount of viral DNA in the tissue samples and in the infected cell cultures, a real-time PCR assay was used as described previously (Decaro et al., 2005c) .
Results
Analytical specificity and linear range of amplification of real-time RT-PCR assay
The specificity of the system for CPV-2 mRNA was assessed by running in the assay samples known to be positive for other infectious agents. No cross-reactivity with CCoVI and II, CDV, CAdV, reoviruses and rotaviruses was observed in this assay. Similarly, no detectable fluorescence signal was obtained in the negative controls (mock-infected cells and virus-negative tissue samples), confirming the assay was highly specific for the detection of CPV-2 spliced mRNA.
The linear range of quantitation of the real-time RT-PCR assay for CPV-2 mRNA was determined by using 10-fold serial dilutions of the standard RNA ranging from 1 × 10 0 to 1 × 10 9 copies. Standard RNA was first reverse transcribed and c-DNA used to determine the detectability and the linearity of the assay (Fig. 2) . Threshold cycle (C T ) values were measured in duplicate and were plotted against the known copy number of the standard sample. The generated standard curve covered a linear range of eight orders of magnitude and showed linearity over the entire quantitation range (slope = −3.585). The coefficient of linear regression (R 2 ) was equal to 0.999.
Precision of the quantitative real-time RT-PCR
To assess the within-and between-run precision, samples containing different amounts of CPV-2 mRNA were assayed in replicate on the same plate or in multiple experiments (Fig. 3) . The intra-assay CVs were in the range of 10.5% (samples containing 1.51 × 10 6 mRNA copies/l of template) to 53.84% (samples containing 2.85 × 10 2 mRNA copies/l of template), whereas the inter-assay CVs were comprised between 15.01% (samples containing 1.22 × 10 6 mRNA copies/l of template) and 40.78% (samples containing 2.48 × 10 2 mRNA copies/l of template). Table 2 shows the loads of mRNA at different hours p.i. in the cells inoculated with CPV-2b. Intracellular CPV- 2 mRNA was detected as early as 24 h p.i., with significant increase from 1.09 × 10 4 to 2.95 × 10 6 copies/l of template after 96 h p.i. A parallel increase in the number of viral DNA copies was detected both in the criolysates and in the supernatants.
Detection kinetics of spliced CPV mRNA at different times p.i.
As expected, in the A-72 cells a few copies of mRNA were detected in the supernatants collected at 48 h p.i. and the mRNA load did not increase significantly at 72 and 96 h p.i.
In the non-permissive MDBK cells, CPV-2b infection did not result in virus replication, as viral RNA and DNA were not detected at all (data not shown).
Samples
The newly developed real-time RT-PCR assay was applied to determine the viral mRNA loads in different tissues of CPV-2 naturally infected dogs. The results were therefore compared with the real-time PCR assay specific for viral DNA (Table 3) . Spliced mRNA was demonstrated in a variety of tissues, showing a wide bodily distribution of CPV-2, as previously demonstrated (Decaro et al., 2007) . The mRNA load in the tissues markedly varied. In the tissues with the highest virus DNA loads (up to 7.46 × 10 8 DNA copies/10 l of template) such as spleen, liver, lungs and mesenteric lymphnodes, the mRNA loads ranged from undetectable levels to 6.18 × 10 3 mRNA copies/l of template.
The highest viral mRNA load was found in the central nervous system (CNS), including brain and cerebellum, with the titres ranging from 3.43 × 10 2 to 2.18 × 10 6 mRNA copies/l of template. In these tissues a correlation was found between the viral DNA and mRNA loads, as the mRNA was detected in most DNA-positive tissue samples.
Discussion
In this study, a real-time RT-PCR assay was designed to provide a complementary molecular tool for the study of CPV-2 pathogenesis. Thus far, a number of nucleic acid amplification techniques for the detection of CPV-2 have been described.
However, all such techniques are targeted to CPV-2 DNA and a specific molecular method for detection of infectious CPV-2 particles was not available. Parvovirus DNA appears to be stable and low levels of DNA of human parvovirus B19 have been detected in serum and tissues for months after acute infection (Soderlund-Venermo et al., 2002) . High titres of CPV-2 DNA can been detected for several weeks in blood in dogs even after the virus has disappeared from the intestinal content (Decaro et al., unpublished data) . Also, during parvovirus replication in vitro, defective genomes may be generated and the real infectious virus titres may be overrated (Holland, 1991; Tempesta et al., 1998) . The synthesis of parvovirus mRNAs is considered a marker of virus infection in cells (Bostic et al., 1999) and therefore accurate estimate of the viral RNA transcripts may be exploited as a good proxy for evaluation of virus replication.
To achieve selective amplification of CPV-2 mRNA, a realtime RT-PCR system was designed to target the spliced RNA transcript specific for the NS2 protein. The real-time RT-PCR assay proved to be highly specific, as no cross-amplification of other canine viruses was observed. The assay was highly reproducible and linear over a range of eight orders of magnitude, from 10 2 to 10 9 copies, allowing a precise calculation of CPV-2 mRNA loads. The reproducibility of the assay was high with relatively small intra-and inter-assay variability.
The TaqMan assay was used to investigate the viral mRNA loads in tissue samples from naturally infected dogs. CPV-2 mRNA was demonstrated in a variety of tissues, showing a wide distribution of the infectious virus in the organism. However, viral mRNA loads were not strictly correlated with the counterpart DNA titres, since in some tissues there were high viral DNA loads, but low RNA titres or no mRNA at all. The reasons for these inconsistencies may be threefold: (i) some tissues are not permissive to CPV-2 replication and the detection of viral DNA could be a consequence of the viraemia; (ii) the quantity of mRNA may depend on the stage of cell infection, decreasing as the infection course proceeds; (iii) viral RNA in some tissues may undergo quick degradation by the tissue RNases and therefore improper conservation after repeated cycles of freezing and thawing or even delayed storage of samples may result in the loss of virus mRNA (Peirson and Butler, 2007) .
An intriguing finding of our study was the detection of CPV-2 mRNA in CNS of infected dogs. Involvement of the CNS tissues during parvovirus infection has been described in cats and virus replication in the nervous tissues may result in the onset of neurological signs (Csiza et al., 1972; Wilcox et al., 1984; Url et al., 2003) . By converse, in dogs CPV antigen has never been detected in neurons, despite the presence of neurodegeneration (Agungpriyono et al., 1999; Url and Schmidt, 2005) . In a recent study on CPV-2 distribution in tissues (Decaro et al., 2007) , high titres of viral genome were detected in the CNS with median titres above 10 6 DNA copies/10 l of template. In agreement with these results, we could observe the presence of CPV-2 mRNA in the brain and cerebellum tissues. This finding does not necessarily support the conclusion that neurons are permissive to CPV-2 replication as the presence of a full set of viral mRNAs may not be followed by the production of a full set of viral proteins (Gallinella et al., 2000) . In addition, in our study virus mRNA was not extracted from individual cell types and therefore the precise source of the CPV-2 mRNA is not certain. Whether inflammatory cells rather than neurons were the actual source of the detected mRNA remains to be elucidated in future trials.
In conclusion, the method described in this study may represent an important tool for quantitation of CPV-2 mRNA load. Measurement of CPV-2 DNA and mRNA during infection and investigation of the relationship between these loads might provide a new perspective for further research in CPV-2 pathogenesis. In addition, considering the new interests in the research on antiviral drugs, the assay described here may also be applied to the study of new compounds able to inhibit parvovirus replication.
